Introduction {#Sec1}
============

Polyploidy or whole genome duplication has long been recognised as a major force in evolution (Ohno [@CR65]). This process is especially prevalent in plants, where it is estimated that 50--70% of flowering plants are polyploids (Masterson [@CR58]). In addition to the plethora of examples represented by polyploid complexes, all the sequenced plant genomes previously considered as "diploids" (e.g*.* Arabidopsis, rice, poplar or grape vine) have revealed superimposed traces of past genome duplication events (The Arabidopsis Genome Initiative [@CR105]; Tuskan et al. [@CR108]; Jaillon et al. [@CR45]). Polyploidization is usually followed by a process of diploidization (Bowers et al. [@CR11]; Paterson et al. [@CR71]) whereby gene redundancy is reduced via gene silencing, sequence elimination and rearrangement, demethylation of retroelements and relaxation of imprinting (see reviews in Chen [@CR17]; Doyle et al. [@CR29]).

To date, quantitative trait loci (QTL) have been characterised in few polyploid species. These include commercial species such as tetraploid cotton (e.g. Paterson et al. [@CR70]; Rong et al. [@CR78]; Chen et al. [@CR18]), tetraploid wheat (Somers et al. [@CR96]) and wild wheat (Howard et al. [@CR43]), the fleshy fruit species allotetraploid sour cherry (Wang et al. [@CR111]), the autotetraploid potato (Sagredo et al. [@CR81]; McCord et al. [@CR59]) and the hexaploid wheat (Ma et al. [@CR55]). In more genetic complex polyploids such as sugarcane (2*n* = 8 − 18*x*), QTL have been also identified (Ming et al. [@CR61]; Ming and Wang [@CR60]; Hoarau et al. [@CR42]; Aitken et al. [@CR2], [@CR3]; Aljanabi et al. [@CR5]). More recently, QTL approaches have been undertaken for the analysis of day-neutrality (Weebadde et al. [@CR112]) and of agronomic and fruit quality traits (Zorrilla-Fontanesi et al. [@CR117]) in the cultivated octoploid strawberry, *Fragaria* × *ananassa* as well as for analysing the genetic architecture of sexual dimorphism in the octoploid *Fragaria virginiana* (Spigler et al. [@CR99]).

QTL analysis of polyploids not only provides information on the genetic control of traits useful for breeding new varieties through marker-assisted-selection, but also on the relationships among genes or gene copies influencing the traits. Considering the polyploid nature, each trait is likely controlled by homoeologous gene series (homoeoalleles). Homoeoalleles are alleles located at orthologous positions that belong to the different genomes that compose the polyploid species. One major question is to know how the different homoeoalleles contribute to the control of a specific trait. The prerequisite for answering this question is first to construct a genetic linkage map on which the homoeologous linkage groups are ranged by homoeology groups and then to detect the QTL controlling the traits of interest. This approach allowed the detection of homoeoalleles controlling cane yield trait in sugarcane (Aitken et al. [@CR3]) or drought resistance in durum wheat (Peleg et al. [@CR72]). The octoploid cultivated strawberry, for which homoeology groups have been recently identified (Rousseau-Gueutin et al. [@CR79]; Sargent et al. [@CR87]), appears as a good model for studying the control of fruit quality in polyploid fleshy fruit species.

*Fragaria*, which encompasses all soft-fruited strawberry species, is comprised of a limited number of species ranging from diploids (2*n* = 2*x* = 14) to decaploid (2*n* = 8*x* = 56) (Staudt [@CR100], [@CR101]; Hummer et al. [@CR44]). It is belonging to the Rosaceae family, which comprises many economically important species such as the apple, peach, and plum and to the Rosodeae supertribe (Potter et al. [@CR74]) which includes various edible and cultivated berries (e.g. *Rubus* and *Fragaria*) and ornamental plants (e.g. *Rosa* and *Potentilla*). In the *Fragaria* genus, the most economically relevant species is the octoploid cultivated strawberry, *Fragaria* × *ananassa* (2*n* = 8*x* = 56) which is a hybrid species which originated by chance following the hybridization of the two New World strawberry species, *F. chiloensis* and *F. virginiana*, in the botanical gardens of Europe in the mid-18th century (Darrow [@CR22]). The high ploidy level of the cultivated strawberry has likely delayed the development of genomics tools such as linkage maps. Nevertheless, recent comparative mapping analysis using diploid and octoploid genetic reference maps of *Fragaria* (Rousseau-Gueutin et al. [@CR79]; Sargent et al. [@CR87]) highlighted high macrosynteny and colinearity levels between *Fragaria* genomes thereby supporting the hypothesis that major chromosomal rearrangements have not been frequent along the evolution of the *Fragaria* genus. Some rearrangements and duplications were, however, detected in specific regions (Sargent et al. [@CR87]; Goldberg et al. [@CR37]; Spigler et al. [@CR98]). In addition, linkage maps in the octoploid *Fragaria* showed major disomic behaviour at meiosis both in the cultivated octoploid *Fragaria* species *Fragaria* × *ananassa* (Lerceteau-Köhler et al. [@CR51]; Rousseau-Gueutin et al. [@CR79]; Weebadde et al. [@CR112]) and in the wild octoploid species, *F. virginiana* (Spigler et al. [@CR98]), which facilitates the mapping and QTL detection studies.

In the recent years, fruit sensorial and nutritional traits have become major breeding targets in strawberry. Strawberries with intense flavour are characterised by their high titratable acidity, high soluble-solid content (Kader [@CR47]) and high level of aromas (Aharoni et al. [@CR1]). The main soluble sugars in the strawberry, glucose and fructose, represent more than 80% of the total sugars and 40% of the total dry weight (Wrolstad and Shallenberger [@CR113]). The main organic acid is citric acid, which accounts for 88% of the total acid content (Green [@CR38]). Strawberry is also, as other berries, an important source of phytochemicals. Part of them are antioxidant compounds, which are important dietary components helping to reduce risk of chronic disease (Demmig-Adams and Adams [@CR26]; Battino et al. [@CR9]). One of the major antioxidants in strawberry is the anthocyanin pelargonidin-3-glucoside (Wrolstad et al. [@CR114]; Kalt et al. [@CR48]; Tulipani et al. [@CR107])**.** Genotype effect on fruit quality traits has been shown for health compounds such as phenolic compounds, ascorbic acid and ellagic acid (Atkinson et al. [@CR6]; Tulipani et al. [@CR106]) and for flavour (de Boishebert et al. [@CR24]). In addition, inheritance of some strawberry quality traits has been documented for fruit size and ripening (see references in Scott and Lawrence [@CR89]; Galletta and Maas [@CR35]; Coman and Popescu [@CR21]), soluble-solid content and sugars, titratable acidity and organic acids (Shaw et al. [@CR91]; Shaw [@CR90]; Ohtsuka et al. [@CR66]) and ascorbic acid (Lundergan and Moore [@CR54]; Sone et al. [@CR97]).

In the present study, we report QTL identification for fruit quality in the octoploid cultivated strawberry using a cross between cv. Capitola and the breeding line CF1116. Fruit quality traits included fruit sensorial traits characterised by soluble sugars and organic acids, fruit colour characterised by anthocyanin content, and fruit shape characterised by fruit length and diameter. Two parental maps were developed, which comprised 28 and 26 linkage groups for the female and male parent, respectively. Most of the linkage groups have been ranged into the seven expected homoeologous groups. These two parental maps were finally merged into the most complete strawberry map developed to date (Rousseau-Gueutin et al. [@CR79]). All the merged linkage groups of the integrated map were in coupling/repulsion phase, except two of them which were composed of two parental linkage groups that segregated in coupling. The cultivar Capitola produces large fruits with low sugar and high acidity, while the breeding line CF1116 produces small fruits with high sugar and lower acidity. QTL, including homoeo-QTL, were identified over two or three consecutive years for 19 traits among which fruit size and shape, firmness, colour, and metabolites (sugars, organic acids, anthocyanins). We further show that ca. one-fourth of the fruit quality traits may be controlled by homoeo-QTL in the cultivated strawberry. The implications of these results are most important for (1) the identification and functional analysis of candidate genes controlling major fruit traits and (2) the strategy used for breeding new strawberry varieties with improved fruit quality.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

A pseudo full-sibling F~1~ population of 213 individuals obtained from a cross between the variety 'Capitola' ('CA75.121-101' × 'Parker', University of California, Davis, USA) and the genotype 'CF1116' (\['Pajaro' × ('Earlyglow' × 'Chandler'\], reference from the Ciref, France) was developed. The two parents, 'Capitola' and 'CF1116', present many contrasting fruit quality traits (Moing et al. [@CR62]).

The mapping progeny was obtained in 1999 and the field plantation was renewed each year by runner propagation. Due to propagation problems, only 193 out of the initial 213 individuals (90.6%) were maintained in the field. For each of the three consecutive study years \[2001 (year 1), 2002 (year 2) and 2003 (year 3)\], field plantation was conducted by planting cold stored plants under a plastic tunnel with drip irrigation.

Nineteen fruit traits or derived traits were evaluated from five randomly harvested mature fruits per genotype. The ripe fruits were harvested at maturity, i.e. when they have attained a homogenous red colouration.

Agronomic and physical traits {#Sec4}
-----------------------------

A total of ten agronomical and physical traits were measured for the three studied years. For each fruit, the ripening date (RD), corresponding to the harvest date, was recorded. In addition, its length (FL), diameter (FD), weight (FW), skin colour parameters (*L*, *a*, *b*), firmness (FIRM) were measured and its diameter/length ratio (FD/FL) was calculated. The percentage dry weight (DW) of each fruit was estimated by weighing a ca. 0.5 g portion (fresh weight) before and after drying at 60°C for 8 days. The external skin colour parameters (*L*, *a*, *b*) were measured using a Minolta CR2000 chromameter, where *L* corresponds to Luminance, and *a* and *b* to the chromaticity coordinates (on green-to-red and blue-to-yellow tones, respectively). Firmness was evaluated using a penetrometer (Setop-Giraud Technologie, Cavaillon, France). Agronomic and physical traits were measured the 3 years of observation except DW, which was measured only in years 1 and 2.

Chemical traits {#Sec5}
---------------

A total of eight traits related to sweetness \[four traits: soluble-solids content (SSC), glucose (GLU), fructose (FRU) and sucrose (SUCR) concentrations\], acidity \[four traits: titratable acidity (TA), pH, malate (MAL) and citrate (CIT) concentrations\] were measured the first two years except SSC, TA and pH measured in fruits harvested in the three years. For each genotype, 0.5 g fresh weight per fruit was cut off from each of five fruits and extracted with 16 ml 3% metaphosphoric acid. Juices were then expressed from the remainder of the five individual fruits (0.5 ml per fruit) and were rapidly combined. Combined juices were then immediately centrifuged at 3,800×*g* for 15 min, and kept on ice for the evaluation of pH, TA and SSC. SSC and pH were measured according to Moing et al. ([@CR62]). Four hundred μl of the supernatant was rapidly fixed for 15 min with hot ethanol at a final concentration of 80% (v/v). Ethanolic extracts were vacuum dried and each extract corresponded to one genotype. Sucrose, glucose, fructose, malate and citrate, were analysed enzymatically (Velterop and Vos [@CR110]) in ethanolic extracts solubilised in pure water using a microplate spectrophotometer (MR 5000, Dynatech, St. Cloud, France).

Total anthocyanin (ANTH) content was measured the two last years, 2 and 3, using a method based on the protocol of Sanz et al. ([@CR85]). The anthocyanin concentration was expressed in terms of pelargonidine-3-glucoside equivalents (eq P3G), since this is the main anthocyanin found in strawberry fruit (Wrolstad et al. [@CR114]; Kalt et al. [@CR48]).

Data analysis {#Sec6}
-------------

Using measurements across years as replicates, the mean and standard deviation of each trait were calculated for the two parents and the progeny. Pairwise comparisons among parents were done using Student's *T* test (*P* \< 0.05). For each trait, differences among progeny were tested by ANOVA. Where a genotypic effect within progeny was found, broad sense heritability was evaluated from variance analysis as follows:$$\documentclass[12pt]{minimal}
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Trait segregation was declared transgressive when at least one progeny had a value that was higher or lower than that of the highest or lowest parent, by at least twice the standard deviation of the parents.

Pearson correlation coefficients were calculated for the different trait values, both between and within years (PROC CORR, SAS).

For traits deviating from normality, three transformations (log, square root and cubic root) were tested. The transformation providing significant results was used in the QTL analysis. Where the post transformation result was not significant, we used the transformation that gave the least-skewed results. All statistical analyses were performed with the Statistical Analysis System (SAS Institute, Inc., Cary, NC, USA).

QTL detection {#Sec7}
-------------

QTL detection was performed by composite interval mapping (CIM) (Zeng [@CR115]; Zeng [@CR116]) using QTL Cartographer software (Basten et al. [@CR8]) separately for each parent using the female and male maps developed by Rousseau-Gueutin et al. ([@CR79]). A forward--backward stepwise regression was performed to choose the five co-factors with the highest *F* values before performing QTL detection by CIM. A window size of 10 cM around the test interval, where the co-factors were not considered, was chosen (model 6 of QTLCartographer). The statistical significance threshold for declaring a putative QTL was determined by permutations of the data set. After 1,000 permutations, mean LOD thresholds of 2.86 and 2.90 were chosen for female and male data, respectively. This corresponded to a genome-wise significance level of α = 0.10. The proportion of phenotypic variation explained by each significant marker was estimated as the coefficient of determination (*R*^2^) at the peak QTL position estimated by QTL Cartographer.

We examined whether clusters of unique QTL linked to related traits, e.g. *a*, *b* or *L* traits for fruit colour, colocalised on the same linkage groups. The probability that colocations of QTL for two related traits belonging to the same class of traits occurred by chance is given by the hypergeometric probability distribution function (Spigler et al. [@CR99]):$$\documentclass[12pt]{minimal}
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Results {#Sec8}
=======

Phenotypic analysis {#Sec9}
-------------------

The mean of the trait values of the two parents 'Capitola' and 'CF1116', calculated by combining the data obtained across years, differed significantly from each other for the 19 traits analysed (Table [1](#Tab1){ref-type="table"}). The most important differences between the parents were observed for dry weight, soluble-solids, glucose, and malate (dry weight DW, soluble-solids content SSC, glucose GLU, and malate MAL, respectively). Compared to 'CF1116', 'Capitola''s fruits were more watery and acidic. 'CF1116' fruits had higher sugar concentrations than those of Capitola, matured earlier and were firmer. 'Capitola' fruits were dark red and contained a higher concentration of total anthocyanin ANTH than their 'CF1116' counterparts.Table 1Recorded trait values for 'Capitola' and 'CF1116' parents and related progenyTrait^a^Unit'Capitola''CF1116'Progeny*h*^2^TrNo.MeanSDRangeNo.MeanSDRangeCap vs. CF^b^No.MeanSDRangeDevelopment FD^c^mm2136.26.724.1--48.82030.85.825.4--48.1\*\*592^d^32.54.122.1--41.10.21No FL^c^mm2144.15.929.4--52.62040.64.335.8--54.4\*59442.45.530.1--53.30.51No FD/FL^c^--211.20.11.1--1.5201.30.11.1--1.5\*\*5921.30.21.0--1.80.72Yes FW^c^g2124.711.46.7--48.22015.899.3--48.9\*\*59417.95.56.9--28.1--No DW^d^g117.516.2--9.710110.99.4--12.1\*\*\*3029.31.45.5--12.40.28Yes RD^c^Julian day21127.25.5119--14120124.33.5115--127\*503124.78.3112--142--YesTexture FIRM^c^Durofel unit5755.116.132.3--79.05261.11640.5--87.0\*\*\*57957.714.532.1--75.7--YesColour *L*^c^2136.22.929.3--41.72038.52.530.8--41.0\*59437.42.931.9--46.40.61Yes *a*^c^2135.53.130.8--40.52038.83.131.3--43.8\*\*59436.13.728.1--42.90.57Yes *b*^c^2119.43.714.1--26.52022.63.315.2--27.6\*\*59320.4413.7--30.60.52Yes AN-TH^d^eq P3G g/L juice170.90.10.6--1.2170.40.10.3--0.8\*\*\*3900.70.20.2--1.20.7YesSugar-related traits SSC^c^Brix215.50.64.4--6.7208.41.26.7--10.3\*\*\*5957.11.24.5--9.3--No GLU^d^g/L juice11132.77.9--17.11024.63.518.8--28.9\*\*\*39419.94.111.8--32.80.53Yes FRU^d^g/L juice1115.92.813.6--23.510264.319.6--33.6\*\*\*39320.8412.6--32.30.24No SUCR^d^g/L juice1112.24.76.7--22.51030.51515.0--59.5\*\*390165.92.4--29.00.55YesAcid-related traits PH^c^213.40.13.2--3.9203.70.13.52--4.0\*\*\*5953.50.13.1--3.80.53Yes TA^c^meq/L juice21103.913.680--1302088.38.470--104\*\*\*592101.915.567.2--137.50.65Yes MAL^d^g/L juice1120.31.6--2.6101.20.30.8--1.7\*\*\*3911.60.50.6--2.80.54Yes CIT^d^g/L juice116.40.75.8--7.6105.80.74.5--6.8\*3935.61.13.3--9.20.53YesThe number (No.) of individuals analysed, the mean values, standard deviations (SD), range and heritability of the traits are described. The significance level of the difference between 'Capitola' versus 'CF1116' means is indicated in the Cap versus CF column. Heritability (*h*^2^) was only calculated for traits in which ANOVA identified a significant within-progeny genotypic effect. Trait segregation was declared transgressive (Tr) when at least one progeny had a value that was higher or lower than the highest or lowest parental value by at least twice the SD of the parents^a^Traits are the following: development: FD, fruit diameter; FL, fruit length; FD/FL, ratio; DW, dry weight; FW, fruit weight; RD, ripening date of the fruit. Texture: FIRM, fruit firmness. Colour: skin colour parameters, *a*, *b* and *L*; ANTH, total anthocyanin. Sugar-related traits: SSC, soluble-solids content; FRU, fructose; GLU, glucose; SUCR, sucrose. Acid-related traits: pH; TA, titratable acidity; CIT, citrate; MAL, malate^b^\*, \*\* and \*\*\* indicate values that are significant at 0.01 \< *P* \< 0.05, 0.001 \< *P* \< 0.01, and *P* \< 0.001, respectively^c^Values are the means of the genotype for *n* = 3 replicates (years)^d^Values are the means of the genotype for *n* = 2 replicates (years)

The 19 traits showed continuous variation in the progeny and normal distributions were observed for almost all traits (Fig. [1](#Fig1){ref-type="fig"}). With the exception of citrate CIT, the progeny mean for a given trait was within the value of the two parental means (Table [1](#Tab1){ref-type="table"}). Progeny showed high variations in most trait values and a genotypic effect among progeny was observed for 15 of the 19 (79.0%) analysed traits (Table [1](#Tab1){ref-type="table"}). For these 15 traits, broad sense heritabilities were calculated and displayed high values (*h*^2^ \> 0.5) for 12 traits (fruit length FL, fruit diameter/length ratio FD/FL, skin colour parameters *L*, *a* and *b*, ANTH, GLU, sucrose SUCR, pH, titratable acidity TA, MAL, and CIT) or low values (*h*^2^ \< 0.3) for three traits (fruit diameter FD, DW, fructose FRU). Transgressive segregations were detected for 14 of the 19 traits (Table [1](#Tab1){ref-type="table"}).Fig. 1Distribution of the progeny mean. ^a^Values are the means of the genotype for *n* = 2 replicates (years). ^b^Values are the means of the genotype for *n* = 3 replicates (years). FD, fruit diameter; FL, fruit length; FD/FL ratio; DW, dry weight; FW, fruit weight; RD, ripening date of the fruit; FIRM, fruit firmness; skin colour parameters, *L*, *a* and *b*; ANTH, total anthocyanin; SSC, soluble-solids content; FRU, fructose; GLU, glucose; SUCR, sucrose; pH, TA, titratable acidity; CIT, citrate; MAL, malate. Mean of the trait values of the two parents are shown, C for 'Capitola' and CF for 'CF1116'

Phenotypic correlations among the 19 traits were calculated both between and within years. Due to the large amount of data collected in this study, only the data relating to year 2 are reported (Fig. [2](#Fig2){ref-type="fig"}, Online Resource 1). Even if the correlation values between traits are dependent on the year of study, the results reported for year 2 can be regarded as showing general trends. Correlation values between years 1, 2 and 3 are shown along the diagonal in Fig. [2](#Fig2){ref-type="fig"}. These between-year correlations were all highly significant.Fig. 2Phenotypic correlations for the traits measured in year 2 (*P* \< 0.05). The number of individuals per trait pair ranges from 178 to 190. The diagonal gives the three phenotypic correlations between years for each trait: 1/2, 1/3, 2/3 for the phenotypic correlation between years 1 and 2, years 1 and 3, and years 2 and 3, respectively. Correlations significant at *P* \< 0.0001 are reported in *bold*. A *white box with a cross* represents a non significant correlation. Negative correlations are indicated with a *circle* (*black* or *white*). The strength of the correlation is colour coded from *green*-to-*red*, with *green* reflecting the lowest correlation values and the *red* the highest (see figure for more details on the values). FD, fruit diameter; FL, fruit length; FD/FL ratio; DW, dry weight; FW, fruit weight; RD, ripening date of the fruit; FIRM, fruit firmness; skin colour parameters, *L*, *a* and *b*; ANTH, total anthocyanin; SSC, soluble-solids content; FRU, fructose; GLU, glucose; SUCR, sucrose; pH, TA, titratable acidity; CIT, citrate; MAL, malate. ^a^Three years of evaluation. ^b^Two years of evaluation

In each of year of study, fruit weight (FW) showed a strong positive correlation with fruit shape (FD and FL). FD and FL were positively correlated in all 3 years (*P* \< 0.0001 to *P* \< 0.05 depending on the year) (data not shown). Correlations between the three-colour parameters (*L*, *a* and *b*) were also highly significant in each of the three studied years (*P* \< 0.0001). In addition, these parameters were highly negatively correlated with anthocyanin content (ANTH) when measured (years 2 and 3) (*P* \< 0.0001). These colour parameters were also negatively correlated with ripening date (RD) and positively correlated with percent dry weight (DW) (years 1 and 2, different *P* values depending on the trait and on the year). DW was positively correlated with the different sugar-related traits, SSC, FRU, GLU and SUCR, in two (FRU, GLU, SUCR) or three (SSC) years of observation (*P* \< 0.0001). All sugar-related traits, FRU, GLU, SUCR as SSC, were positively correlated between them for the 2 years and the correlation is highly significant between FRU and GLU. Same relationship occurred between acid related traits, CIT, pH and TA, except for MAL which is minor in strawberry. Correlations were observed between the various acid and sugar-related traits, both in years 1 and 2. pH was positively correlated with soluble-solids and sugar concentration (SSC, FRU, GLU and SUCR, different *P* values depending on the trait). Thus, fruits with a lower acidity tended to have a higher sugar concentration.

QTL analysis {#Sec10}
------------

QTL analyses were performed and detected for all the 19 quantitative traits using composite interval mapping for either 'Capitola' or 'CF1116' (Table [2](#Tab2){ref-type="table"}, Online Resource 2). When considering both parents and the 2 (2001 and 2002) or 3 years (2001, 2002, 2003) of observation, a total of 115 QTL were detected. They were summarised in 87 unique QTL, which distribution per HG and LG is given in Table [3](#Tab3){ref-type="table"}. It is important to note that the letters naming one homoeologous linkage group were arbitrarily allocated (e.g. Linkage Group a, b, c or d) (Rousseau-Gueutin et al. [@CR79]), meaning that a LG with the same letter does not necessarily belong to the same subgenome. QTL were considered unique when the same regions overlapped with one LOD support confidence interval in the parental map (male or female) where the QTL were detected (e.g. FD_IIIa_m1-m2 for the QTL of fruit diameter detected on the linkage group IIIa, Fig. [3](#Fig3){ref-type="fig"}a-LGIIIa, Online Resource 2) or when QTL were detected on the same LG in the male and female linkage maps (e.g. FIRM_Vc_m3/f3 for the QTL of firmness detected on the linkage group Vc on male and female linkage maps) (Online Resource 2). Per trait, a mean of 4.6 QTL was identified. FL and FIRM are controlled by the largest number of loci (7), followed by RD, *a* and CIT (6). FRU and SUCR are controlled by the fewest number of loci (2). The percentage of variance explained by a QTL ranged from 5% (FD/FL-IIId-m1) to 17% (ANTH-VIa-m3), and about a quarter of the QTL (23.5%) had a value higher than 10%.Table 2Significant QTL detected for all the traits based on CIM analysis with LOD \> LOD threshold (2.86 for the female map and 2.90 for the male map)Traits^a^No. QTL^b^ Location of QTL^c^ (nb of year of detection)^d^Development FD4IIb-m (2), IIIa-m (2), IIIc1-m (1), IVa-m (1) FL7IIa-f (1), IIc-m (3), IIIa-m (1), IIId-m (1), IVd2-f (1), Vb-f (1), VIb-m (1) FD/FL5IIIa-m (3)/f (2), IIId-m (2), Va-m (2), Vb-m (1), VIa-m (2) DW3IIIa-f (1), VIa-m (1), VIIb-m (1) FW3Ia-f (1), IIb-m (2), IIIc1-m (1) RD6IIb-m (1), IIId-f (1), IVc-m (1), Vc-m (1), VIb-m (1), VIIa-m (2)Firmness FIRM7IIb-m (1), IIIa-m (1), IIIa-f (1), IIIb-m (1), IIIc-f (1), IVa-f (1), Vc-m/f (1)Colour *a*6Ia-f (1), IIa-f (3), IVd-m (1), Vb-m (1), VIa-m/f (2), VIb-f (1) *b*4Ia-m (1), IIIa-f (1), VIa-m/f (2), VIb-f (1) *L*4IIa-f (1), IIIa-m/f (2), IVd-m (1), VIa-m (2) ANTH5Ia-f (1), IIa-f (2), IIIa-f (1), VIa-m/f (2), VIb-f (1)Sugar-related traits SSC3IIIa-m/f (1), Va-f (1), VIa-m/f (2) FRU2IVb-m (1), Vc-f (1) GLU5Ib-f (1), IIIa-f (1), IIIc-f (1), IVa-f (1), VIa-f (1) SUCR2VIa-m (1), VIIa-f (2)Acid-related traits pH6Ia-m (1), IIIb-m (1), IIIc-f (1), IVc-f (1), Vb-f (1), VIa-f (1) TA5Ia-m (1), IIc-m (1), IIId-m (1), IVa-f (1), Vb-m/f (2) CIT6Ia-f (1), IIc-m (1), IIIa-f (1), Vb-f (1), VIa-f (1), VIIb-f (1) MAL4Vd-f (1), VIa-m (1), VIb-m (1), VIId-m (1)^a^Traits are the following: development: FD, fruit diameter; FL, fruit length; FD/FL, ratio; DW, dry weight; FW, fruit weight; RD, ripening date of the fruit. Texture: FIRM, fruit firmness. Colour: skin colour parameters, *a*, *b* and *L*; ANTH, total anthocyanin. Sugar-related traits: SSC, soluble-solids content; FRU, fructose; GLU, glucose; SUCR, sucrose. Acid-related traits: pH; TA, titratable acidity; CIT, citrate; MAL, malate^b^Number of unique QTL. QTL were considered unique when, the same regions overlapped with one LOD support confidence interval^c^Name of the linkage group according to Rousseau-Gueutin et al. ([@CR79]). The Roman number indicates the homoeologous group number. The letter, a, b c, or d, indicates one of the four homoeologous linkage groups and the final letter, m or f, indicates if the linkage group belongs to the male or the female linkage maps^d^In brackets, the number of detection years of the individual QTLTable 3Distribution of unique QTL locations per homoeologous groups (HG) and linkage group (LG)HG^a^No. of QTL by LG^b^Total (%)abcdI71008 (9)II443011 (13)III1225423 (27)IV412310 (11)V263112 (14)VI1260018 (21)VII22015 (5)Percentage of QTL on total QTL is given in brackets^a^The Roman number indicates the homoeologous group (HG) number according to Rousseau-Gueutin et al. ([@CR79])^b^The letter, a, b c, or d, indicates one of the four homoeologous linkage groups. The number of QTL is considered unique, i.e. the same regions overlapped with one LOD support confidence intervalFig. 3Examples of QTL locations of fruit traits (development, texture, colour, sugar-related traits, acid-related trait) on linkage groups ranged by homoeologous groups. The linkage map is the consensus map obtained using JoinMap (Rousseau-Gueutin et al. [@CR79]). Linkage group names for the octoploid consist of the number of the HG to which they belong followed by a letter arbitrarily allocated (*a*, *b*, *c* or *d*). The position of the QTL on the consensus map is the one of the closest marker to the QTL on the parental maps. The first linkage group belongs to the diploid reference linkage map and allow to anchor common markers with and between *Fragaria* × *ananassa* linkage groups. Fruit traits are the following: development: FD, fruit diameter; FL, fruit length; FD/FL ratio; DW, dry weight; FW, fruit weight; RD, ripening date of the fruit. Texture: FIRM, fruit firmness. Colour: skin colour parameters, *L*, *a* and *b*; ANTH, total anthocyanin. Sugar-related traits: SSC, soluble-solids content; FRU, fructose; GLU, glucose; SUCR, sucrose. Acid-related traits: pH, TA, titratable acidity; CIT, citrate; MAL, malate

Among the 12 traits that were analysed three consecutive years, 16 (27%) of the 60 unique QTL were detected at least in 2 of the 3 years (Online Resource 2). Among these three QTL linked to FL, FD/FL and *a* were detected in the 3 years. For those analysed two consecutive years, three (11%) QTL linked to ANTH and SUCR out of the 27 unique QTL were detected for the 2 years. In total, 47.0% of the QTL had an effect in the expected direction based on parental mean comparison (49.1% of the QTL detected for 'Capitola' and 45.2% for 'CF1116') (Online Resource 2). Nine QTL were observed on both maps, either the same year (e.g. FD/FL-IIIa-m2 and -f2 or -m3 and -f3, L-IIIa-m2 and -f2), or different years (e.g. a-VIa-f1 and -m3, SSC-IIIa-m2 and f2) (Online Resource 2). This suggests presence of potential allelic forms of the same gene responsible for the variation of quantitative characters.

QTL were preferentially located in the homoeology group (HG) III and VI (26 and 21%, respectively, for unique QTL) (Table [3](#Tab3){ref-type="table"}) and on one and two linkage groups within these two homoeology groups, namely LGIIIa (14%) for the HGIII and LGVIa (14%) and LGVIb (7%) for the HGVI (Table [3](#Tab3){ref-type="table"}). No significant correlation between linkage groups length and QTL number was observed either when male and female maps were considered separately or when linkage groups of the integrated linkage map were compared. Many QTL co-locations were found both on these LG and on others, forming QTL clusters that represented the same class of traits. In the 28 LGs of the consensus map, a total of 15 putative clusters of unique QTL linked to the same class of traits, i.e. fruit development, colour, acidity, or sweetness, were analysed. For seven out of the 15 clusters colocations were found more often than expected by chance (*P* \< 0.05). For example, a cluster of development-related QTL was observed on LGIIb and LGIIIc (FD-IIb-m1 and -m3 and FW_IIb-m1-m3; FD_IIIc1_m3 and FW_IIIc1_m3) (Fig. [3](#Fig3){ref-type="fig"}a-LGIIb and LGIIIc). A cluster of colour-related QTL (a-VIb-f2, b-VIb-f2, and ANTH-VIb-f2) was detected on LGVIb on the female map (Fig. [3](#Fig3){ref-type="fig"}b-LGVIb). In addition, some chromosomal regions with QTL for several types of traits were also observed. As an example, sugar- and acid-related traits clusters were observed on the LGVIa belonging to the homoeologous group VI (for sugar-related traits: SSC-VIa-m2, GLU-VIa-f1, SUCR-VIa-m1; for acid-related traits: CIT-VIa-f1, MAL-VIa-m1, pH-VIa-f3) (Fig. [3](#Fig3){ref-type="fig"}d, e-LGVIa).

Complexity of QTL and contribution of homoeo-QTL to the control of fruit quality traits {#Sec11}
---------------------------------------------------------------------------------------

Analysis of fruit quality traits QTL further indicated that, among the 87 unique QTL locations identified, 20 (23%) were located on homoeologous groups (HGs) and most probably at orthologous regions of DNA, defined based on the presence of homoeoalleles amplified using the same SSR locus (Table [4](#Tab4){ref-type="table"}). These QTL are thus considered as putative homoeo-QTL. Interestingly, they were exclusively detected on four of the seven HGs, namely on HGII, HGIII, HGV and HGVI. In addition, these homoeo-QTL were exclusively localised on two homoeologous linkage groups out of the four homoeologous linkage groups (Table [4](#Tab4){ref-type="table"}).Table 4Number, location and year of detection of the homoeo-QTL for fruit quality traitsTraits^a^No. of homoeo-QTL (%)^b^Location and year of detected homoeo-QTL^c,\ d^Development FD2 (50)IIIa-m (1-2) and IIIc-m (3) FL4 (57)IIa-f (3) and IIc-m (1-2-3)IIIa-m (1) and IIId-m (1) FD/FL4 (80)IIIa-m (1-2-3)/f (1-2) and IIId-m (1-2)Va-m (1-2) and Vb-m (2)Firmness FIRM4 (57)IIIa-f (2) and IIIc-f (2)IIIa-m (1) and IIIb-m (2)Sugar-related traits GLU2 (40)IIIa-f (2) and IIIc-f (1)Acid-related traits pH2 (33)IIIb-m (2) and IIIc-f (2) MAL2 (50)VIa-m (1) and VIb-m (1)^a^Traits are the following: development: FD, fruit diameter; FL, fruit length; FD/FL ratio. Texture: FIRM, fruit firmness. Sugar-related traits: GLU, glucose. Acid-related traits: pH; MAL, malate^b^The number of unique QTL involved in homoeo-QTL are indicated. The percentage of homoeo-QTL in relation to the total number of QTL detected for each trait is indicated in bracket^c^The Roman number indicates the homoeologous group number according to Rousseau-Gueutin et al. ([@CR79]) and the letter, a, b c, or d, indicates one of the four homoeologous linkage groups^d^The year of detection of the QTL is indicated in bracket after its location on the linkage group of the homoeology group

We next investigated whether the contributions of these putative homoeo-QTL were comparable for all fruit quality traits analysed (Table [4](#Tab4){ref-type="table"}). For each class of traits, selected results are shown in Fig. [3](#Fig3){ref-type="fig"}. Detailed map locations of all the QTL are presented *in extenso* in supplemental material (Online Resource 3-A-to-E). It appears that numerous homoeo-QTL were observed for traits related to fruit shape and size (Fig. [3](#Fig3){ref-type="fig"}a). Other traits including firmness (Fig. [3](#Fig3){ref-type="fig"}c), glucose content (Fig. [3](#Fig3){ref-type="fig"}d), pH and malate content (Fig. [3](#Fig3){ref-type="fig"}e) were also controlled by homoeo-QTL. At the opposite, no homoeo-QTL were detected for several major fruit quality traits including fruit colour (*L*, *a*, *b* and ANTH; Fig. [3](#Fig3){ref-type="fig"}b), fructose content (FRU, Fig. [3](#Fig3){ref-type="fig"}d), citrate content and titratable acidity (CIT and TA, Fig. [3](#Fig3){ref-type="fig"}e).

The complexity of the genetic control of fruit quality traits in strawberry can be exemplified by the analysis of the fruit development-related traits (FL, FD, FD/FL, FW, RD, and DW) (Table [4](#Tab4){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}a). Several cases can be highlighted: (1) one QTL can be located on only one of the four linkage groups, as is the case with the QTL for FD observed on years 1 and 3, FD_IIb_m13, which is located on linkage group IIb of the homoeologous group II. That situation can be considered as the same as that of a similar fruit diameter QTL detected in a diploid fleshy fruit species such as tomato (Tanksley [@CR104]); (2) one trait can be controlled by two homoeo-QTL located at orthologous positions on different linkage groups within one homoeologous group. This is the case with the QTL for FD/FL detected two consecutive years, 1 and 2 on LGIIIa and LGIIId (FD/FL_IIIa_m123/f23 and FD/FL_IIId_m12), suggesting that two alleles of the same gene on different linkage groups (homoeoalleles) could be involved in the control of strawberry fruit shape at that locus; (3) the control of one trait by homoeo-QTL could be year-dependent as suggested by the FD QTL detected during two consecutive years on LGIIIa (FD_IIIa_m12) and the third year on LGIIIc (FD_IIIc_m3), where it co-localised with a fruit weight QTL. That situation is particularly interesting since it suggests that the expression/function of the homoeo-alleles controlling fruit growth at this particular locus are under environmental control.

Discussion {#Sec12}
==========

The major aim of that study was first to give insights into the genetic and physiological control of major fruit quality traits in a polyploid fleshy fruit and, eventually, to provide tools for breeding strawberry varieties with improved fruit quality, for example elite varieties showing high sugar and acid contents associated with a specific fruit size and shape. Therefore, parents of the cultivated strawberry population studied were specifically chosen for their contrasting characteristics for several major fruit quality traits (Moing et al. [@CR62]): the cv. 'Capitola' produces large fruits with low sugar and high acidity while the breeding line 'CF1116' produces small fruits with high sugar and lower acidity.

Comparison of the trait correlation values (Fig. [2](#Fig2){ref-type="fig"}, Online Resource 1) obtained for the population studied with those previously published in strawberry indicated that, in general, correlations between fruit quality traits documented in this study are in agreement with those previously reported in strawberry (see e.g. Shaw [@CR90], for between and within sugar- and acid-related traits, firmness and colour parameters, as well as Galletta and Maas [@CR35], for fruit development traits and Zorrilla-Fontanesi et al. [@CR117] for some fruit quality traits). For instance, pH is positively correlated with soluble-solids and sugar concentration \[SSC, FRU, GLU and SUCR, *P* \< 0.0001 or *P* \<0.05 depending on the trait (Online Resource 1)\], as in Shaw ([@CR90]) and Zorrilla-Fontanesi et al. ([@CR117]) for the correlation between pH and SSC. In contrast, large discrepancies with published values were observed for the heritability of several fruit quality traits. For example, while the heritability value obtained for titratable acidity (0.65) is comparable to the broad sense heritability of 0.78 previously reported by Shaw et al. ([@CR91]), the heritability value of 0.55 obtained for sucrose concentration is much higher than the value of 0.0004 reported by Ohtsuka et al. ([@CR66]). We also found a high heritability value of 0.53 for organic acids but, in that case, no published data are available for comparison in the octoploid strawberry. Conversely, a moderate heritability (0.35) was determined by Shaw et al. ([@CR91]) for soluble-solid content while we detected no significant variation for this trait in our progeny, though the parents displayed significant differences (Table [1](#Tab1){ref-type="table"}). The study of several populations by Shaw et al. ([@CR91]) instead of one population in our case, or the environmental effects may explain this discrepancy.

For all the traits studied, the segregating population displayed a large range of values consistent with the expectations (Fig. [1](#Fig1){ref-type="fig"}). In addition, extreme characteristics were clearly observed in this study and significant differences between segregants and parents were detected for most of the traits. In total, more than 73% of the traits presented transgressive segregation (Table [1](#Tab1){ref-type="table"}). Combinations of alleles from both parents that have effects in the same direction (complementary gene action) are probably responsible for the large number of transgressive segregations observed in our study and for the presence of extreme genotypes. Transgressive segregation is commonly detected in QTL studies (reviewed in Rieseberg et al. [@CR77]) and has been documented at both interspecific \[e.g. in *Solanum* (de Vicente and Tanksley [@CR25]), *Prunus* (Quilot et al. [@CR75]) and *Oryza* (Gutierrez et al. [@CR39])\] and intraspecific levels \[e.g. in *Prunus cerasus* (Wang et al. [@CR111]), *Cucumis melo* (Monforte et al. [@CR63]), *Oryza sativa* (Mao et al. [@CR57]), *Pisum sativum* (Ubayasena et al. [@CR109]), and *Lolium perenne* (Pfender et al. [@CR73])\], as well as for polyploid species \[e.g. in *Saccharum* (Ming et al. [@CR61]) and *Triticum durum* (Maccaferri et al. [@CR56])\]. In strawberry, this phenomenon might be even stronger due to the high ploidy level of the species. In these species, dominance/over-dominance effects, which can be a form of genomic expression dominance (Flagel and Wendel [@CR32]), may have contributed to the presence of transgressive segregants for fruit quality. In addition, the presence of a large number of alleles, which can interact epistatically, may also provide an explanation for the formation of these transgressive segregants (Coelho et al. [@CR19]).

Each of the detected QTL explains a low percentage of the phenotypic variation of the trait {#Sec13}
-------------------------------------------------------------------------------------------

Though QTL were detected for all the traits, the percentages of phenotypic variation explained by each QTL for a given trait were low to moderate (4.8--17.3%). These low or moderate values could be linked to the relative large size of population compare to other studies on the cultivated strawberry (Weebadde et al. [@CR112]; Zorrilla-Fontanesi et al. [@CR117]). Similar low values have already been reported in another complex polyploid, the sugar cane, in which the percentages of phenotypic variation explained by each QTL for sugar content varied from 3 to 9% (Hoarau et al. [@CR42]; Aitken et al. [@CR2]). In the case of polyploidy species, this can be explained by a multiple loci control of these genetic traits. As has been previously documented (Doerge and Craig [@CR28]; Wang et al. [@CR111]; Ming et al. [@CR61]; Hoarau et al. [@CR42]), the efficiency of QTL mapping using single-dose marker strategy in polyploids is limited, regardless of the chromosomal pairing mechanisms, due to the large number of possible alleles at each locus. This large number of alleles increases the possible number of allele combinations and ultimately restricts the analysis to the detection of only the most significant alleles contributing to the traits. The situation in strawberry might be better since the genetic base of the cultivated strawberry is reduced (Sjulin and Dale [@CR94]; Hancock and Luby [@CR41]), except if favourable alleles have been concentrated through breeding in the modern varieties.

One-fourth of all fruit quality QTL are located on two linkage groups {#Sec14}
---------------------------------------------------------------------

An important finding was also that, in the population analysed, the fruit quality QTL were non-randomly distributed across the chromosomes as 28% of the QTL were located on two LGs (LGIII-a and LGVI-a) (Table [3](#Tab3){ref-type="table"}). QTL co-location is one result of this preferential distribution on two linkage groups. Cluster of QTL is often reported in the literature (e.g. in cotton for lint fibre development (Rong et al. [@CR78]), in tomato for fruit development and organoleptic quality (Fulton et al. [@CR34]; Saliba-Colombani et al. [@CR83]), and in pepper for fruit traits (Ben Chaim et al. [@CR10])). In strawberry similar clusters have been reported both for agronomical traits such as yield and fruit number as well as for fruit quality traits (Zorrilla-Fontanesi et al. [@CR117]). It may reflect either pleiotropic effects or the presence of tightly co-ordinately regulated genes. In the present study, QTL clusters often mimicked the level of correlation observed between the traits. Another hypothesis of the concentration of QTL on some linkage groups could be genomic expression dominance, as observed in the allotetraploid cotton where the expression of the D genome parent occurred more often than it did for the A genome parent (Rapp et al. [@CR76]). Clusters of QTL may also result from domestication of the cultivated strawberry, which is a recent species from about 250 years (Davis et al. [@CR23]). When favourable alleles are grouped in cluster or when genomic region has positive pleiotropic effect on traits, breeding for these traits using molecular markers will be facilitated. Interestingly, in the subdioecious *Fragaria virginiana*, one of the parental species of the cultivated strawberry, Spigler et al. ([@CR99]) reported a QTL cluster located on LGVI which is orthologous to one of the LGs belonging to HGVI in the present study, based on several common SSR markers. The characterised LG encompasses regions controlling male and female fertility as well as QTL for sexually dimorphic traits such as fruit and seed set or anther number for examples. The authors suggest that linked and/or pleiotropic reproductive genes have been located on the chromosome 6 before polyploidization and the acquisition of male and female sterility mutations in this species.

Genetic control of fruit quality traits {#Sec15}
---------------------------------------

The complexity of the biological processes or metabolic pathways underlying the fruit quality traits studied may provide a likely explanation for the variation in the number of loci contributing to a given trait. Indeed, more QTL were detected for traits such as fruit length (7), firmness (7) anthocyanin content (5) or citrate (5) than for other traits like fructose or sucrose contents (2) (Table [2](#Tab2){ref-type="table"}). Fruit size and shape, for which a large number of QTL have been detected in the strawberry progeny studied (Table [2](#Tab2){ref-type="table"}, Online Resource 2) is under complex genetic and physiological control. In the well-studied fleshy fruit model tomato, up to 30 QTL for fruit size and shape have been detected, among which several loci (\<10) controlling fruit patterning and fruit growth are associated with domestication (Tanksley [@CR104]; Paran and van der Knaap [@CR68]). Likewise, fruit firmness at harvest is a very complex trait, depending not only on cell wall degradation during ripening as shown in strawberry (Santiago-Doménech et al. [@CR84]) but also, as reported on tomato, on cell wall biosynthesis at early stages of fruit development (Gilbert et al. [@CR36]), on tissue characteristics including cell number and size (Chaïb et al. [@CR15]) and on water status of the fruit (Saladié et al. [@CR82]). Fruit colour in strawberry is a compound trait in which anthocyanin content, the major contributing factor, is controlled at multiple levels involving transcription factors and structural genes (Carbone et al. [@CR13]). Fruit acidity generally depends on a large number of factors involving several metabolic pathways for the synthesis, transport, storage and degradation of the organic acids and for the transport of the potassium counter-ion (Etienne et al. [@CR30]; Lobit et al. [@CR53]; Sweetman et al. [@CR103]). Similar findings could be expected for sugar QTL but, actually, fewer numbers of QTL were detected. The large differences in total sugar content observed between the parental lines and within the progeny (Table [1](#Tab1){ref-type="table"}) may reflect an increased assimilate supply from plant photosynthesis or an increased fruit sink strength due to enhanced sugar transport, as previously shown in tomato (Fridman et al. [@CR33]; Schauer et al. [@CR88]). More unexpected is the contrast between the number of QTL found for sucrose (2), glucose (5) and fructose (2). All these sugars may enter complex biochemical pathways, besides being stored in the fruit cell vacuoles. Possible explanation for these findings is that multiple QTL with low effects contributing to the overall phenotypic variation of the trait remained undetected (QTL value \< threshold level) for these compounds. A QTL for fructose which was detected at a LOD of 2.68 (i.e. under the threshold level of 2.86) in the year 2 on the LGIIIa of the female map is a good example. It might as well explain that despite the high correlation between fructose and glucose no QTL colocation was observed for these two traits.

Homoeo-QTL may contribute to the genetic control of fruit quality in the octoploid cultivated strawberry {#Sec16}
--------------------------------------------------------------------------------------------------------

An additional layer of complexity, not present in diploid fleshy fruit species such as tomato, is provided by the contribution of putative homoeo-QTL to the control of quantitative fruit quality traits in the cultivated strawberry. In the present study, about 23% of the QTL were detected at likely homoeologous locations. These QTL were named homoeo-QTL since their orthologous positions on homoeologous linkage groups belonging to the same homoeologous group suggests the presence of allelic forms of the same gene responsible for the variation of the quantitative traits. In the strawberry progeny studied, major fruit quality traits including fruit shape, firmness, glucose and malate contents and pH were controlled by homoeo-QTL (Table [4](#Tab4){ref-type="table"}). To date, few homoeo-QTL have been characterised in other plant species \[but see in bread wheat (Kumar et al. [@CR49], [@CR50])\], though the polyploid species constitute the majority of edible crop plants and have, therefore, been largely studied. Homoeo-QTL have been recently reported in the cultivated strawberry for yield and plant width (Zorrilla-Fontanesi et al. [@CR117]). In strawberry, the presence of homoeoalleles for genes located in orthologous positions on the four homoeologous chromosomes could be due to the structural conservation of the genomes along the polyploidization process. This conservation is supported by results from comparative mapping between diploid and octoploid linkage maps (Rousseau-Gueutin et al. [@CR79]), which revealed high levels of conserved macrosynteny and colinearity within each of the seven homo(eo)logous linkage groups and between the octoploid homoeologous groups and their corresponding diploid linkage groups. Therefore, no major chromosomal rearrangements in genomes involved in *Fragaria* × *ananassa* has been triggered along the polyploidization in the *Fragaria* genus (Rousseau-Gueutin et al. [@CR79]). However, some chromosomal rearrangements have been observed on the homoeologous group VI on other *Fragaria* species (Goldberg et al. [@CR37]; Spigler et al. [@CR98]). Such structural rearrangements could help restoring the fecundity of the species as hypothesised by Soltis and Soltis ([@CR95]) and Spigler et al. ([@CR99]).

For various traits (FD, FIRM, GLU and pH), preferential location of homoeo-QTL was observed on the two linkage groups LGIIIa and LGIIIc belonging to the homoeology group HGIII (Table [4](#Tab4){ref-type="table"}). Although the allocation of the linkage groups to the two ancestral genomes of *Fragaria* × *ananassa* (Bringhurst [@CR12]; Rousseau-Gueutin et al. [@CR80]) remains unknown, we can address the question if the preferential homoeo-QTL locations on one of the two ancestral genomes observed in this study could reveal a preferential expression of one of these two ancestral genomes. Though more data are needed to study the impact of each ancestral genome of *Fragaria* × *ananassa* on fruit quality trait, similar hypothesis has been proved in the polyploidy cotton for fibre quality whereby compiling QTL mapping results from many published studies, Rong et al. ([@CR78]) showed that both tetraploid A- (from an ancestor that does produce spinnable fibre) and D-subgenomes (from an ancestor that does not produce spinnable fibre) contribute to QTL for fibre development at largely non-homoeologous locations (see also Paterson et al. [@CR70]; Jiang et al. [@CR46]; Saranga et al. [@CR86]; Chee et al. [@CR16]) suggesting divergent selection acting on many corresponding genes before and/or after polyploidy event. A-subgenome contained favourable alleles prior to polyploid formation whereas D-subgenome would have come under selection after polyploid formation and harbours greater allelic diversity among tetraploid forms (Paterson et al. [@CR70]). On the contrary, in sugarcane, Aitken et al. ([@CR2]) identified QTL for sugar-related traits on linkage groups belonging to the same homoeology group. In our study, the preferential location of homoeo-QTL on the homoeologous groups III and VI rather than on the other homoeologous groups suggests a different evolution of the seven homoeologous groups. Such a differential expression was largely shown for the sex chromosomes, which evolve rapidly in plant genomes (Liu et al. [@CR52]), and LGVI being characterised as proto-sex chromosome in *Fragaria virginiana* (Spigler et al. [@CR99]) might follow such pattern.

However, most of the detected QTL were likely not homoeo-QTL since they were located on only one of the four homoeologous linkage groups in *Fragaria* × *ananassa*. The most striking example is that of fruit colour, for which QTL for all the colour-related traits (*L*, *a*, *b* and ANTH) were almost exclusively located on a single linkage group (Fig. [3](#Fig3){ref-type="fig"}b and Online Resource 3). There are several, not mutually exclusive, possible explanations for these findings. As gene duplications in polyploid species result in functional redundancy, differential selective pressure may act on the duplicated copies as a process of diploidization whereby gene redundancy is reduced via gene silencing, sequence elimination and rearrangement, demethylation of retroelements and relaxation of imprinting (see reviews in Osborn et al. [@CR67] as well as in Chen [@CR17]). In a phylogenetical study conducted in three allo-octopolyploid *Fragaria* species with two nuclear genes, *GBSSI*-*2* and *DHAR*, we recently found that homoeologous sequences within each octoploid species seemed to evolve faster than orthologous sequences between *Fragaria* species (Rousseau-Gueutin et al. [@CR80]). In addition, we observed deletion events in alleles of *DHAR* gene which led to the formation of a pseudogene and of a truncated gene for *F. virginiana* and *F. chiloensis*, respectively. Such reduction of genomic redundancy may have contributed to the diploidization process during the evolution of the polyploids (Paterson [@CR69]; Comai [@CR20]), including *Fragaria* × *ananassa*, which mainly displays a meiotic disomic behaviour (Rousseau-Gueutin et al. [@CR79]). In addition, we may hypothesise that the alleles conferring to strawberry fruit a valuable sensorial quality such as improved fruit colour may have been in the past under strong selection pressure, first along the domestication process of *F. chiloensis* and possibly *F. virginiana*, the parents of *Fragaria* × *ananassa* (Darrow [@CR22]) and, more recently, during the breeding process of cultivated strawberry. As a result, the QTL detected on a single linkage group in one homoeology group may reflect the expression of the stronger allele controlling that trait within this homoeology group, which was selected along the domestication/breeding process.

Homoeo-QTL may contribute to the control of fruit quality traits in varying environmental conditions {#Sec17}
----------------------------------------------------------------------------------------------------

The differential expression of the loci across years observed in our study is in accordance with previous agronomical studies showing the impact of the environment on strawberry culture (Shaw [@CR90]). Similar results were also reported in a recent study characterising QTL associated with fruit quality traits where about 36% of the QTL were stable over the years (Zorrilla-Fontanesi et al. [@CR117]). Annual variations in temperature and hygrometry have a considerable effect on fruit development and ripening. For example, relatively warm temperatures and high humidity result in softer fruits than cool temperatures and low humidity (Scott and Lawrence [@CR89]). Moreover, elevated temperatures have a negative effect on fruit size and quality (Hancock [@CR40]). Previous work has documented annual differences in the relative expression of sugars and acids in strawberry (Morrow et al. [@CR64]; Sweeney et al. [@CR102]). Variability across years in QTL expression is a rather common phenomenon (see for examples Etienne et al. [@CR31] and Quilot et al. [@CR75], as well as Hoarau et al. [@CR42] and Shi et al. [@CR92] for polyploid species), but Paterson et al. ([@CR70]) observed that even if the genetic control of cotton fibre quality is affected by growing seasons, a basal set of QTL that are relatively unaffected by environmental parameters exists. In our study, developmental and colour traits seemed less affected by environmental factors since 32.1 and 36.8% of the QTL for these traits were detected more than once compared with 16.7, 8.3 and 4.8% of the QTL for texture, sugar-related traits and acid-related traits, respectively.

There are clear indications that homoeo-QTL may be involved in the environmental control of several fruit quality traits, e.g. fruit weight (Fig. [3](#Fig3){ref-type="fig"}a) or fruit glucose content (Fig. [3](#Fig3){ref-type="fig"}d). In that respect, the fruit shape and weight QTL located on linkage group LGIII provide an interesting example. In years 1 and 2, most fruit development traits including fruit diameter (FD) and length (FL) and FD/FL ratio were located on LGIIIa and LGIIId while new QTL for the highly correlated FD and FW (Online Resource 2) were detected on LGIIIc only on year 3. A clear year effect was indeed detected for FW, which was significantly lower in year 3 (mean FW \~14 g) than in years 1 and 2 (\~18 and 22 g, respectively) (data not shown). Fruit size and weight are known to be profoundly affected by environmental cues which regulate the processes of cell division and expansion in the fruit through modifications of photoassimilate supply and hormonal signalling (Baldet et al. [@CR7]). Accordingly, our results suggest the presence on LGIIIa and LGIIIc of homoeoalleles controlling fruit diameter and, consequently, fruit weight, which are sensitive to annual climate variations and/or cultural conditions. It is important to note that climate records in the strawberry production area indicated a cold and rainy weather in spring of year 3, i.e. during the period of strawberry early fruit growth by cell division/cell expansion. As indicated below, such results may have major consequences on the breeding strategy chosen. They also point out the importance of taking into account in physiological studies of strawberry fruit the homoeoallele variability of candidate genes performing the same function.

Strawberry breeding {#Sec18}
-------------------

One goal of strawberry breeders is to combine large size with high fruit quality. Many characteristics of the parents in the present study, including sweetness, aromatic properties, good acid/sugar balance, early maturity and firmness in 'CF1116', and large fruit size in 'Capitola', fulfil breeders' requirements (present study and Moing et al. [@CR62]).

The present paper provides new information on the genetic architecture of fruit quality traits relevant for strawberry breeding, while most genetic studies of fruit quality have been carried out so far on the diploid species, *F. vesca*, examining traits such as fruit colour (Deng and Davis [@CR27]) and seasonal flowering (Cekic et al. [@CR14]; Albani et al. [@CR4]). Only recently, Weebadde et al. ([@CR112]) showed that day-neutrality in strawberry is under polygenic control and characterised eight QTL among which one was shared across several locations. In addition, QTL for fruit quality traits (Zorrilla-Fontanesi et al. [@CR117]) and for sexual dimorphism (Spigler et al. [@CR99]) have been also reported. Our study revealed a large number of QTL controlling sweetness and acidity concentrations in the octoploid *Fragaria* × *ananassa*, revealing the potential to improve the traits independently. However, since large numbers of QTL co-locations were observed, caution should be applied when trying to modify the alleles present at a locus and the direction of the allele effect should be considered. The QTL cluster on LGVIa-m of 'CF1116' is particularly interesting in terms of strawberry breeding. 'CF1116' provides favourable alleles for soluble-solids and sucrose, and negative alleles for malate. Therefore, this chromosomal region may have the potential to improve sweetness and acidity. In addition, transgressive individuals resulting from complementary gene action can be regarded as an interesting source of breeding material. The QTL for fruit development and colour present in this chromosomal region have to be considered to have a complete view of the fruit quality at harvest. The differential expression of the genes linked to the QTL across years will also have to be taken into account in attempts to exploit these loci in breeding programs. As example, for breeding genotypes that produce large fruits in unfavourable conditions, it may prove interesting to select the homoeoallele controlling the homoeo-QTL linked to fruit weight located on LGIIIc. A positive effect on fruit weight of this homoeoallele was detected on year 3, a year during which the mean fruit weight and sugar content were low due to bad weather with low temperatures and high precipitations in March and April when the fruit is in expansion. Additional years of evaluation are required to validate these results. Such experiments are planned for fruit size and fruit weight. Finally increasing the number of repetitions per additional year of evaluation would also improve the power of detection.

Mapping of the codominant SSR markers and candidate genes using the *Fragaria* genome sequencing (Shulaev et al. [@CR93]) helped to partly elucidate the complexity of the genome by identifying homoeologous chromosomes and thereby homoeo-QTL. A further step would be to identify to which donor species each linkage group belongs across homoeology groups. This is crucial to increase our comprehension of the evolution of both genomes in cultivated strawberry and the impact of domestication and breeding on quantitative traits in this species.
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